While zinc oxide is a promising material for blue and UV solid-state lighting devices, the lack of p-type doping has prevented ZnO from becoming a dominant material for optoelectronic applications. Over the past decade, numerous reports have claimed that nitrogen is a viable ptype dopant in ZnO. However, recent calculations by Lyons, Janotti, and Van de Walle [Appl. Phys. Lett. 95, 252105 (2009)] suggest that nitrogen is a deep acceptor. In our work, we performed photoluminescence (PL) measurements on bulk, single crystal ZnO grown by chemical vapor transport. Nitrogen doping was achieved by growing in ammonia. In prior work at room temperature, we observed a broad PL band at ~1.7 eV, with an excitation threshold of ~2.2 eV, consistent with the calculated configuration-coordinate diagram. In the present work, at liquid-helium temperatures, the PL emission increases in intensity and red-shifts by ~0.2 eV. A peak is observed at 3.267 eV, which we tentatively attribute to an exciton bound to a nitrogen acceptor. Our experimental results indicate that nitrogen is indeed a deep acceptor and cannot be used to produce p-type ZnO.
INTRODUCTION
Zinc oxide (ZnO) is a direct-gap semiconductor with a wide band gap (~3.4 eV at 300 K) and efficient excitonic emission at room temperature [1] . It is a promising material for various electronic and optical applications, including blue/UV light-emitting diodes and lasers. A reliable p-type dopant is, however, an outstanding problem that must be overcome for practical device applications [2] . Nitrogen substituting on a host oxygen site, N O , has been discussed as a possible acceptor dopant (Table I ). Many experimental [3, 4, 5] investigations suggested that N O has a shallow acceptor level in ZnO, with an acceptor binding energy of ~200 meV. Theoretical studies suggested a somewhat deeper level, roughly 0.3 to 0.5 eV above the valence-band maximum [6, 7] .
As reviewed in Ref. 2 , reports of p-type ZnO are controversial. Like sightings of UFOs or Elvis, reports appear on a weekly or monthly basis. Table I lists several highly cited experimental papers that have reported p-type ZnO via doping with group-V elements. While these results initially seemed promising, repeatability has been a problem. It has been pointed out that the Hall effect, for example, can give the "wrong" carrier type if a sample is inhomogeneous [8] .
To address these issues, Lyons, Janotti, and Van de Walle [9] calculated the properties of nitrogen in ZnO using density functional theory (DFT) with hybrid functionals. Their calculations show that N O is a deep acceptor, with the (0/-) acceptor level 1.3 eV above the valence band maximum. Optical absorption and emission energies of 2.4 eV and 1.7 eV, respectively, were obtained from the calculated configuration-coordinate diagram. The Stokes shift of 2.4 -1.7 = 0.7 eV is due to large lattice relaxation of the deep acceptor. Lany and Zunger [10] have also obtained a deep level for N O using generalized Koopmans DFT. These theoretical results suggest that the reports of p-type conductivity, achieved with nitrogen doping, need to be re-evaluated. A reference sample was grown in argon. Sub-gap photoluminescence (PL) and photoluminescence excitation (PLE) spectra were obtained using a JY-Horiba FluoroLog-3 spectrofluorometer with a 450-W xenon lamp as the excitation source. Low temperature measurements were performed using a Janis closed-cycle helium cryostat. Near-band-edge PL spectra were obtained with a He-Cd Kimmon laser (wavelength 325 nm) and a JY-Horiba micro-PL system consisting of a high-resolution triple monochromator and a UV microscope that can focus to a 1-μm diameter spot size. The low temperature measurements, using this setup, were carried out at 80 K in an INSTEC HCS621V UV-compatible microcell.
RESULTS
Previous measurements performed at room temperature are described in Ref. 11 . ZnO:N samples exhibit a broad "red" PL emission band, peaking near 1.7 eV, with an excitation onset of In the present work, to verify that red luminescence is actually due to nitrogen, we compared spectra from samples grown in ammonia and argon. These are referred to as N-doped and undoped ZnO, respectively. For the N-doped sample, the N-H peak decreases as the sample is annealed in oxygen (Fig. 1) . This is accompanied by a corresponding increase in the red luminescence. Spectra for the undoped sample were multiplied by 10 for clarity. From Fig. 1 , one can see that the N-H peak and red luminescence are both an order of magnitude weaker than for the deliberately N-doped sample. (Unintentional N doping probably came from contamination during the growth). This strong effect provides further evidence that the red luminescence is definitely correlated with nitrogen acceptors. Figure 2 . PL spectra of N-doped ZnO.
The red luminescence increases in intensity as the temperature is lowered. As shown in Fig. 2 , the peak also exhibits a red-shift. The center of the peak shifts from the red (1.7 eV) to the near-IR (1.5 eV) as the temperature decreases from 300 to 7.8 K. Several factors may contribute to this shift. First, as the temperature is lowered, one goes from a band-to-acceptor to a donoracceptor transition, the latter having a lower energy. Second, the thermal change in population of vibrational states may affect the PL energies.
The near-band-edge PL spectra are shown in Fig. 3 . For the N-doped sample (annealed at 775°C), the free exciton (3.378 eV), donor bound exciton (3.363), and phonon replicas (1LO, 2LO) are clearly resolved. These peaks are also seen in the undoped sample, although they are broader. The spectrum for the N-doped sample contains a peak at 3.267 eV, which is absent in the undoped sample. This peak has phonon replicas near 3.194 and 3.124 eV. We tentatively attribute this new peak to a nitrogen acceptor-bound exciton. Given this assignment, the exciton binding energy is 0.1 eV. This value is ~1/10 that of the acceptor ionization energy, which follows Haynes' rule [12] for exciton binding energies in semiconductors. A PL peak with similar zero-phonon energy, 3.235 eV, was previously attributed to nitrogen acceptors [4] . Further work will be required to provide a definitive assignment.
The PL intensity increased and the peak linewidths decreased with annealing, indicating improved quality. Specifically, the 3.267 eV peak was not observed in the as-grown ZnO:N sample but is observed in the sample annealed at 775°C. This correlation, similar to that found for the red luminescence, is consistent with the dissociation of N-H pairs.
CONCLUSIONS
In conclusion, by comparing the PL spectra for the undoped and N-doped ZnO samples, we have confirmed that the red luminescence is correlated with nitrogen acceptors. A PL peak at 3.267 eV (T = 80 K) is attributed to the N acceptor bound exciton. These results are in agreement with the deep N-acceptor model of Lyons, Janotti, and Van de Walle [9] . These experimental and theoretical results would appear to rule out substitutional nitrogen as a p-type (shallow level) dopant in ZnO. The other group-V dopants should lead to even deeper acceptor states. Possible avenues for p-type ZnO may involve tuning the valence band or using zinc vacancy-related acceptors [13] . 
